Abstract. The behavior of natural estrogens was examined by separately spiking 17β-estradiol (E2) and estrone (E1) into semicontinuous activated sludge reactors operated under aerobic, anaerobic and sequential anaerobic/aerobic conditions. Under aerobic and anaerobic conditions, E1 was formed from E2. The conversion of E1 to E2 was maximum conversion of E2 to E1 was higher than t E1 to E2. Overall, the degradation rate of E2 ( E1 (k E1 ). The findings suggest that E1 is probably more persistent than E2 in effluent of sewage treatment plants. of natural estrogens was examined by separately spiking estradiol (E2) and estrone (E1) into semicontinuous activated sludge under aerobic, anaerobic and sequential anaerobic/aerobic . Under aerobic and anaerobic conditions, E1 was formed from E2. The conversion of E1 to E2 was did not occur under aerobic conditions. The maximum conversion of E2 to E1 was higher than the maximum conversion of E1 to E2. Overall, the degradation rate of E2 (k E2 ) was much faster than that of ). The findings suggest that E1 is probably more persistent than E2 in effluent of sewage treatment plants.
Introduction
Natural estrogens such as estrone (E1), 17 among the main environmental contaminants. T estrogens on aquatic organisms have been fo feminization of male fish in British rivers [2] . has demonstrated that exposure to E2 (>16 ng L marine male fishes. People, livestock and wildlife estrogens in the water environment from males and females has Natural estrogens have been (STP) in a range of 10-100 ng/L and their removal efficiency 62-98% for E2 and 19-98% for E1 [5 and lakes [8, 9] . The behavior of natural estrogens in natural water environmental systems under aerobic and investigated by Desmiarti, Natural estrogens such as estrone (E1), 17β-estradiol (E2) and estriol (E3) are main environmental contaminants. The adverse effects of natural estrogens on aquatic organisms have been found in vitellogenesis [1] , and feminization of male fish in British rivers [2] . Another study, Imai, et al. [3] has demonstrated that exposure to E2 (>16 ng L -1 ) affected the reproduction of eople, livestock and wildlife are the sources of natural water environment. The daily excretion of natural estrogens as been investigated by Johnson, et al. [4] .
have been detected in the effluent of sewage treatment plants 100 ng/L and their removal efficiency is in the range 98% for E1 [5] [6] [7] . They have also been detected in river The behavior of natural estrogens in natural water under aerobic and anaerobic conditions has been , et al. [10, 11] . Li, et al. [12] have investigated the behavior of E2 in batch experiments using activated sludge from STP in Japan. They found that E2 was converted quickly to E1, and the degradation of E1 to unknown products was slower than that of E2. The presence of E2 and E1 in rivers and lakes implies that E2 and E1 are not completely removed by wastewater treatment plants. Hence, optimization of treatment processes and conditions is very important. Li, et al. [13] have also investigated the behavior of natural estrogens in semicontinuous activated sludge under aerobic conditions. They found that E2 and E1 levels dropped rapidly due to sorption onto activated sludge, followed by biodegradation through microorganisms. However, under anaerobic conditions, E2 and E1 degradation was limited [14] and was not observed under sequential anaerobic/aerobic conditions. In order to understand the behavior of natural estrogens in real sewage treatment plants, it is very important to study the behavior of natural estrogens under sequential anaerobic/aerobic conditions.
The aim of this research was to study the behavior of E2 and E1 in an activated sludge sewage treatment plant. The semicontinuous experiments were carried out under aerobic, anaerobic and sequential anaerobic/aerobic conditions by spiking E2 or E1 separately into activated sludge liquor.
Materials and Methods

Activated Sludge
Activated sludge was collected from a sewage treatment plant (STP) in Gifu, Japan. This plant is operated in a sequential anaerobic/aerobic mode with a total hydraulic retention time (HRT) of 6 h in the bioreactor. Detailed information about activated sludge sampling is available in Li, et al. [13] . The characteristics of the activated sludge liquor such as dissolved organic carbon (DOC), pH, mixed liquor suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS) are displayed in Table 1 . After sampling, the activated sludge liquor (about 60 L) was quickly transported to the laboratory of Gifu University and separated into six reactors after weighting for experimental use. [15, 16] . In previous studies, Urase and Kikuta [17] used acetone, and Auriol, et al. [15] used methanol, as the solvent for dissolving the natural estrogens in order to ensure that these were completely dissolved. For these experiments, the stock solutions of E2 and E1 were made by dissolving weighted amounts of E2 and E1 in methanol (Wako Pure Chemical Co., Osaka, Japan). The concentration of the stock solutions of E2 and E1 was 250 µg L -1 for each. Methanol was controlled at a lower level in the reactors (about 0.012% as v/v).
Experiments
Two series of semicontinuous experiments were performed under aerobic, anaerobic and sequential anaerobic/aerobic conditions, spiking E2 or E1 into the reactor. The first series (Run 1 -Run 9) was used to study the behavior of E2, while the second series (Run 10 -Run 18) was used for investigating the behavior of E1. A glass bottle with a storage volume of 10 L was used as the reactor. The volume of the activated sludge liquor in the reactor was 8 L. A schematic diagram of the experimental set-up is displayed in Figure 1 . Under aerobic conditions, oxygen was continuously supplied to the reactor via an air diffuser ( Figure 1(a) ). Under anaerobic conditions, wetted nitrogen was consistently supplied through a diffuser ( Figure 1(b) ). In Figure 1 (c), the experiment using the sequential anaerobic/aerobic mode was studied in the reactor, with a total hydraulic retention time (HRT) of 8 h. The initial 3 h were assigned for the anaerobic reaction, where aeration was not conducted for enhanced removal of phosphorus. This was followed by 5 h of aerobic process achieved by continuous air supply. E2 or E1 were spiked into the reactors once a day for three consecutive days by adding stock solutions of E2 or E1 to provide initial E2 and E1 concentrations of 30 µg L -1 . For all experimental runs, pH was monitored continuously and adjustments were made when necessary with sodium hydroxide to maintain the liquor pH at around 6.7, i.e. the pH level of the activated sludge liquor sampled from the STP. As shown in Table 2 , the changes in MLSS and MLVSS were relatively small. Correction by concentrating the mixed liquor within each reactor was not performed. In addition, we added ammonium chloride and potassium dihydrogen-phosphate as well, in order to provide an initial C:N:P ratio of 100:12.3:3.6.
Initially, E2 and E1 levels decreased rapidly [13] . To ensure data that could better describe the behavior of E2 and E1 in each reactor, the time intervals for sampling were carefully designed in order to obtain more data over the initial running periods. For each sampling, 10 ml of the activated sludge liquor was put into a 10 ml centrifuge tube and centrifugation was carried out immediately at 3500 rpm for 1 min. Then, following prompt filtration of the supernatant through a prewashed 0.45 µm PTFE membrane filter (Toyo Roshi, Japan), the obtained filtrate was stored below 5º C before being subjected to analysis. The measured values for all these parameters are given in the form of the mean value ± the standard deviation.
2.4
The Apparent Degradation Rate
The apparent degradation rates of E2 or E1 when spiked separately were generated by assuming a first-order reaction, described as follows:
where C is the concentration of E2 or E1 (µgL -1 ), t is time (h) and k is the apparent first-order degradation rate constant (h -1 ). The k was approximated by fitting the experimental plots, ln (C/C 0 ) versus t, with the following rewritten linear format:
C 0 is the initial concentration of E2 or E1 involved directly in the assumed firstorder rate reactions. 
5 Analyses
An Agilent 1100 series liquid chromatography/mass spectrometry (LC/MSD) system (HP1100MSD; CA, USA) was used to analyze E2 and E1. For every beginning of the analysis, calibration was performed using 10 and 50 µgL -1 of E2 and E1 standard solutions with a methanol content of 20% in v/v. Two internal standards (17β-estradiol-C and estrone-C) were added to all samples in order to minimize measurement errors. Identification and quantification were thus made in negative SIM mode by following the well-used internal standard methodology. The target ions for E2 and E1 were 271 and 269. By adopting a higher injection volume (100 µL for instance), the detection limit could reach a level of about 0.01 µgL -1 for E2 and E1. In addition, the microbial densities were assessed using the indices of MLSS and MLVSS, for which glass fiber filters with a pore opening of 1.0 µm were used to separate suspended solids from sludge liquors. The DOC was analyzed using a TOC analyzer (TOC-Vws, Shimadzu Co., Japan).
3
Results and Discussion
Behavior of E2 and E1 when E2 was Spiked
The behavior of E2 and E1 when E2 was spiked under aerobic, anaerobic and sequential anaerobic/aerobic conditions is illustrated in Figure 2 . Under aerobic conditions, E2 decreased rapidly by up to 90% after 30 min and had totally disappeared after 2 h. The results show that E1 and E2 are degraded completely in 8 h under aerobic conditions. This means that no estrogens remain in the effluent, because in practice the activated sludge process often has a HRT longer than 8 hours. This infers that all incoming estrogen will be degraded in the system.
Under anaerobic conditions, the amount of E2 degradation was approximately 68% of the initial E2 concentration after 2 h and then decreased by 82% after 8 h. Under sequential anaerobic/aerobic conditions, E2 decreased by 96% after 2 h and had totally disappeared after 3.5 h. The decreasing concentration of E2 under aerobic conditions resembled that obtained in previous studies [10, 13, 17, 18] and under anaerobic conditions [14] . Following the concentration decrease of E2, its intermediate biodegradation product E1 emerged and apparent disappearance of E1 was found to occur after E2 had been nearly fully eliminated from the reactor. The transformation of E2 to E1 was also confirmed under aerobic and sequential anaerobic/aerobic conditions.
The maximum conversion of E2 to E1 was calculated using the equation (C E1max /C E20 ) x 100, indicating that the maximum E1 concentration (C E1max ) was into initial E2 concentration (C E20 ) [13] . The computed results are shown in Table 3 . The highest maximum conversion of E2 to E1 (%) was found to be 30.47% for the experiments under anaerobic conditions. However, the maximum conversion of E2 to E1 was not significantly different for aerobic, anaerobic and sequential anaerobic/aerobic conditions. 
Behavior of E2 and E1 when E1 was Spiked
The behavior of E2 and E1 when E1 was spiked under aerobic, anaerobic and sequential anaerobic/aerobic conditions is displayed in Figure 3 . Compared to E2, the degradation of E1 was slower. Under aerobic conditions, E1 decreased by up to 70% and was no longer detected after 6 h. No transformation of E1 to E2 was observed for the experimental run under aerobic conditions. In contrast, the transformation of E1 to E2 was confirmed under anaerobic and sequential anaerobic/aerobic conditions. Previous studies on the occurrence and behavior of estrogens in wastewater have suggested that where the concentration of E1 is concerned, the fraction originated from the conversion of E2 should not be neglected [19] . A recent study has shown that E1 is the most important natural endocrine-disrupting compound present in most natural water environments [16, 20] , and effective removal of E1 is probably the key to reducing the total estrogenicity in water environmental systems [15, 21] due to the following facts: (i) the load of E1 from STPs to receiving water bodies is about 10 times larger than E2, (ii) the estrogenic potency of E1 is weaker than that of E2 but is much stronger than nonylphenol and its precursors, and (iii) some conjugated species of E1 (for instance estrone-3-sulfate) may get disassociated after reaching the receiving water bodies.
The maximum conversion of E1 to E2 was also calculated using the equation (C E2max /C E10 ) x 100, indicating that the maximum E2 concentration (C E2max ) was into initial E1 concentration (C E10 ), as shown above in Table 3 . The highest maximum conversion of E1 to E2 (%) was found for the experimental runs under anaerobic conditions at 28.27%. However, the maximum conversion of E2 to E1 was higher than the maximum conversion of E1 to E2. 
Degradation Rate Constant of E2 and E1
The apparent degradation rates of E2 and E1 when spiked separately were generated assuming a first-order reaction calculated using Eq. (2). The estimated first-order degradation rate constants of E2 (k E2 ) and E1 (k E1 ) examined under aerobic, anaerobic and sequential anaerobic/aerobic conditions are displayed in Table 4 . The apparent first-order degradation rate constant of E2 (k E2 ) under aerobic conditions was twenty four times faster than that under anaerobic conditions. Compare to k E2 , the apparent first-order degradation rate constant of E1 (k E1 ) under aerobic conditions was about three times faster than that under anaerobic conditions. The k E2 and k E1 for the experimental runs under sequential anaerobic/aerobic conditions were calculated separately for each condition, as shown in Table 4 .
Generally for all conditions, k E1 is lower than k E2 , indicating that E2 disappeared from the reactors much faster than E1 and suggesting that E1 is probably more persistent than E2 in the effluent of sewage treatment plants. The slow disappearance of E1 is consistent with the investigation of activated sludge by
Li et al. [12, 13] and Urase and Kikuta [17] . In another study, Yu et al. [21] isolated 14 diverse E2-degrading bacteria from activated sludge of a wastewater treatment plant. They reported that all 14 isolates were capable of converting E2 to E1, but only 3 isolates showed the ability to degrade E1. 
Conclusions
The behavior of 17β-estradiol (E2) and estrone (E1) was investigated using semicontinuous activated-sludge experiments under aerobic, anaerobic and sequential anaerobic/aerobic conditions. The results indicate that, initially, E2 and E1 decrease due to sorption onto activated sludge and then degrade through biodegradation. The highest maximum conversion rates of E2 to E1 and E1 to E2 were found under anaerobic conditions. Compare with E2, the maximum conversion of E2 to E1 (29.08-30.47%) was higher than the maximum conversion of E1 to E2 (0-28.27%). The degradation rate of E2 was much faster than that of E1 when both were spiked separately. The disappearance rates of E2 and E1 determined by assuming first-order reactions, fell in the ranges of 0.12-4.19 h -1 and 0.25-1.15 h -1 , respectively. The results obtained in this research are important for better understanding the behavior of natural estrogens in sewage treatment plants (STPs) in order to determine efficient operation conditions for the removal of natural estrogens before release to the environmental system. through the Program Academic Recharging (PAR-C) 2011 at Gifu University Japan.
